We studied how predictive microbiology models could practically be applied to HACCP plans with two predictive software programs that are currently available. The software programs were the Food Micromodel elaborated by the Ministry of Agriculture, Fisheries, and Food, U.K. and the Pathogen Modeling Program of Eastern Regional Research Center, U.S. Department of Agriculture. They successfully provided useful information on (i) the determination of Critical Control Points (CCPs), (ii) the estimation of critical limits at CCPs, (iii) the decision of abused products, (iv) the assessment of equivalence of HACCP plans, and further (v) the development of new products. With the information simulated by the software programs, HACCP teams could make scientific and objective decisions for developing their individual plans. It was also confirmed that microbiological process standards for food processing are indispensable for the application of the predictive programs to HACCP plans.
Introduction
In industrialized countries, food poisoning outbreaks due to food-contaminating pathogens are a major concern to consumers and producers. Recently a food safety management system, called the Hazard Analysis and Critical Control Point (HACCP) system 1) , has been applied in many food production systems. For implementation of HACCP plans, scientific and objective data are needed in hazard analysis, selection of critical control points (CCPs), and establishment of critical limits (CLs) for CCPs.
Process control at CCPs is essential for food safety. Generally, CCPs in food production processes have been selected with a qualitative method such as a decision tree 1) . These methods are based mainly on qualitative data and/or experience, and are not always scientifically justifiable.
A new approach called predictive food microbiology has recently attracted the attention of food microbiologists and food scientists. This science analyzes microbial behaviors such as growth, death, and survival of pathogens and spoilage organisms in foods with mathematical models. Predictive microbiology models can give estimates of microbial behavior under any given conditions 2), 3) . A predictive food microbiology program model would ideally consist of expert software programs running on computers 2) . With the predictive software programs, users could instantly obtain quantitative information on microbial behaviors under the environmental conditions that they input.
There are no completed forms of expert software programs yet, but two software programs are available worldwide. One is the Pathogen Modeling Program (PMP) of the U.S. Department of Agriculture (USDA) 4) and the other is the Food Micromodel (FMM) of the Ministry of Agriculture, Fisheries, and Food, U.K. 5) . The two programs are similar to each other in structure. They consist of three categories of primary, secondary, and tertiary models 4)ῌ7) . The producers of PMP explain these models as follows 6) . Primary models describe changes in microbial numbers or other microbial responses with time. Secondary models describe the responses by the parameters of the primary models to changes in environmental conditions such as temperature and pH. Tertiary models are computer routines that turn the primary and secondary models into "userfriendly" programs for model users.
It has been accepted that predictive microbiology can be applied to HACCP systems in selection of CCP, establishment of CL, decision of abused food products, and assessment of equivalence of HACCP plans 3), 4), 8) . However, actual application of predictive software programs to HACCP has scarcely been attempted yet. In this study, therefore, we examined to find how the predictive software programs can be practically applied to development of individual HACCP plans by simulation with the software programs.
Materials and Methods
All simulations in this study were done with recent versions of PMP (version 5.1) and FMM (version 2.53). PMP was obtained via the internet from the homepage of USDA Eastern Regional Research Center (http: / /www.arserrc.gov/mfs/pathogen.htm). FMM was obtained from Gunze Co., Tokyo. Microbial species, environmental conditions of food such as pH and NaCl concentration, and values of process standards such as time and temperature were not specified, but were arbitrary in this study. This is because the purpose of this study was to show the ways of simulation with the software programs.
For PMP, some of the values of cell number and period for growth and death/survival were estimated graphically from predicted growth and death/survival curves.
Results

CCP Determination
Predictive microbiology software programs can help to quantitatively determine CCPs in food production by simulating microbial behavior and by conducting sensitivity analysis 9) . Needless to say, CCPs should satisfy various requirements, such as ability to be monitored 1) . It is possible to simulate microbial behavior in food by entering such process conditions as temperature, pH, and salt concentration into the software programs. Magnitudes of microbial growth and death/survival simulated by the expert models are then validated by examining whether they conform to the standards of processes that are already determined. The process standards are the magnitudes of microbial behavior, such as inactivation or growth, as discussed in detail later. When conditions of a process yield a conformable magnitude of a hazardous organism, the process is considered to be a CCP.
For example, let us consider blanching, a thermal process, of a food material. In this case, let us consider that the hazard is Escherichia coli O157 : H7 and that the food material, pH 5.2, containing 1.0῍ NaCl, is thermally processed at 60ῌ for 5 min. Simulation with FMM predicted a 2.4 log reduction in the number of the microorganisms by the process. If the processed material is further heated afterwards, this process is not considered to be a CCP. On the other hand, if the processed material is not subsequently heated, this process can be considered to be a CCP and more stringent thermal conditions may be needed, e.g., by increasing the blanching temperature.
The sensitivity analysis for CCP determination involves examination of how a simulated output, i.e., microbial behavior, is a#ected by small changes in processing conditions such as the temperature of a process. When a small change in the input produces a significant change in the output, the process can be considered to be a CCP.
As an example simulated with the software programs, we will consider thermal processing of a food material and compare di#erences in microbial inactivation when the material is heated at various temperatures in this process. Here the material, pH 5.0, contains 2.5῍ NaCl. The hazardous agent is Salmonella spp. The time required to make a 6.0 log reduction in bacterial population, a process standard, at various temperatures between 60 and 64ῌ was simulated by FMM ( Table 1 ).
The results show that a small change in the temperature causes a great change in the time required. Therefore, this heating process can be considered to be a CCP. Also, it will be necessary to establish standards for the ratio of the output change to the input change for the sensitivity analysis in HACCP plans.
Setting CL
The predictive software programs can be applied to set CLs for CCPs. That is, when CCPs and their process standards in terms of microbial growth and death/ survival are known, the software programs can give information on setting of the processing conditions to attain the process standards for those CCPs. The process conditions are a combination of such process factors as temperature and time. The combinations of process factors are not single but multiple, e.g., 65ῌ for 1 min, 63ῌ for 3 min, and so on. The software programs can a#ord such combinations for CCPs, and HACCP teams can select a suitable combination from them.
For example, let Clostridium botulinum (spore) be a hazard of a food in a thermal process, which is a CCP. Let the process standard be a 6.0 log reduction in number of spores. Here the food, pH 6.0, contains 2.0῍ NaCl and 0.16῍ sodium pyrophosphate. Under these conditions, PMP predicts that the necessary heating period at 90ῌ is 22.7 min, thus making the CL of the heating period 23 min at 90ῌ. As described above, multiple suitable combinations can be predicted with the software programs. For this example, PMP predicts 28.1 min at 89ῌ and 34.3 min at 88ῌ. When the heating period is set at 30 min, the CL of temperature is calculated at 89ῌ.
Decision of abused products
The software programs can be used to make objective decisions about food products that are processed out of control at CCPs. Following these decisions, corrective The times required were simulated with FMM. Ratios are the times required at various temperatures relative to that at 64ῌ.
action can be taken. For example, let Staphylococcus aureus be a hazardous agent in a food product at a concentration of 0.5 log CFU/g prior to storage. The storage is at 10ῌ for 72 hours and the process standard of growth is the concentration of 1.0 log CFU/g. The food product, pH 5.5, contains 1.5῍ NaCl. PMP simulates no growth of the hazardous organism during the storage. If the product is stored at 13ῌ in error, however, the software program predicts growth to 1.0 log CFU/g of the organism. In this case, the abused product is not considered to be microbiologically safe and thus should be subjected to corrective action.
Equivalence of HACCP systems
Since the two software programs used in this study are based on scientific data and used worldwide, HACCP teams can objectively assess the microbiological safety of their food products by using them. That is, the software programs can be used for evaluation of equivalence in HACCP systems and foods produced according to the systems.
Microbial behavior in a food product can be simulated by entering processing conditions of a sequence of processes into a software program. Here, the initial concentration of a hazardous organism to be entered into the program at the first process is that of the organism in the material. Then the resultant, simulated concentration of the organism is the initial value to be entered at the second process. These sequential simulations lead to the final concentration of the hazardous agent in the food product. By comparing the predicted, final concentration of the hazardous organism in the product with those of similar products of other companies, the microbiological safety of the product can be objectively assessed. At the same time, these simulation procedures validate the HACCP system itself. Further, such a comparison is valuable not only for domestic markets, but also for international trade. In the future, food producers may be required by importing countries to show the results simulated by the software program on their export products. Therefore, such simulated results could become an international measure for evaluating microbiological safety of food products.
Development of new products
When food materials or ingredients are changed, microbial behavior during the processes can also be changed. In this case, the predictive software programs can provide processing conditions suitable for new products to maintain microbiological safety.
For example, four candidates for a new product, whose pHs are all 5.2, contain 1, 1.5, 2, and 2.5῍ NaCl. Let us determine the periods needed for a 60ῌ heating process (CCP) of those candidates. The hazardous agent is Escherichia coli O157 : H7; the microbial standard of the process is a 6.0 log reduction in bacterial number. FMM simulated the heating periods needed for the above candidates to be 12.4, 13.1, 13.9, and 14.9 min, respectively.
Di#erence in values predicted by the two software programs
We examined whether there were any considerable di#erences in microbial behavior predicted by the two programs under the same conditions of pH, salt concentration, and temperature.
When several strains were tested for growth ability using the two programs, their predicted behaviors were similar, as shown in Table 2 . For thermal death, however, there are considerable di#erences between the two software programs. That is, the periods required for a 6.0 log CFU/g reduction of C. botulinum predicted by FMM are over 2 times longer than those by PMP (Table  2) . C. botulinum is the only organism that could be analyzed by both software programs. The reason for this di#erence is not known.
There might be other cases where there is a di#erence in prediction by the two software programs. Thus, users should be aware of the possible di#erence when they use these programs.
Discussion
HACCP teams need to set process standards for microbial safety at CCPs. That is, for those processes, standards of growth and death/survival of hazardous organisms should be determined. There are real examples of process standards for some specific foods: a 6 log reduction of Salmonella spp. in cooked and roast beef for a heating process by USDA 10) and a 5 log reduction of E. coli O157 : H7 for apple cider 11) . For canned foods, whose thermal processes have already been analyzed quantitatively, there is a 12 D concept for Clostridium botulinum 12) . For most food products, however, microbial process standards have not been determined. Basic concepts underlying such process standards would be that inactivation processes such as heating should eliminate hazardous organisms as far as possible and that storage should suppress proliferation of the organisms as much as possible 13) . Without process standards, microbial behavior simulated by the software programs would not have any practical meaning for HACCP systems. As described in the result section, predictions by the software programs are judged in terms of the process standards, e.g., decision of abused products, and the process standards also provide conditions for prediction, e.g., setting CL.
The process standard usually defined at present is the di#erence in microbial number brought about by a given process. For example, let the initial concentration of a hazardous organism (Salmonella spp.) and the microbial standard of the thermal process be 1.0 log CFU/ g and a 6.0 log CFU/g reduction, respectively. The resultant concentration of the organism after the process would be ῌ5.0 log CFU/g, or 1/100,000 CFU/g. Naturally, however, the process standards depend on the initial microbial concentrations at individual processes. Products containing higher initial concentrations of microbial hazards require more stringent standards. Therefore, we propose that the process standard should be described as the concentration of a hazardous organism for a given process, e.g., 1.0 CFU/g, rather than as a di#erence in the concentration during the process, e.g., a 5.0 log CFU/g reduction.
On the other hand, the final concentration of a hazardous organism in food products can be estimated by quantitative risk assessment, which is now well developed 14)ῌ16) . For example, when the risk of S. aureus food poisoning by consumption of a thermally processed food is determined to be less than a given value by a quantitative risk assessment, the maximum permissible concentration of the organism in that product can be deductively estimated by a dose-response model. Then, with this permissible concentration and the initial concentration of the organism in a food material, the standard of a process is determined, e.g., the magnitude of inactivation for a heating process (CCP). Finally, from the value of the process standard, CLs of the process can be estimated with a predictive software program It has often been argued how closely the software programs can predict microbial behavior in real foods. The authors of FMM compared the values predicted by FMM to observed data in various kinds of food 7) . The prediction for growth was almost equal to or a little faster than the observed value, while the prediction for death was equal to or a little slower than the observed value. The authors concluded that the prediction is false-safe 7) . This means that the prediction is shifted to the safety side. For example, if the prediction for growth is faster than the observed value, model users would make process conditions su$cient for microbial control with the overestimated, predicted values. However, if the prediction for growth is slower than the observed value, they would set insu$cient process conditions; this is called false-dangerous. These terms are also applicable to the inactivation process of food products. The two predictive software programs have also been validated for several kinds of microorganisms in foods by several investigators. The di#erences between predictions by the software programs and observed data depend on the test organisms and foods. Validations of the PMP for Listeria monocytogenes in baby food, ham salad, and pâtédemonstrated good agreement between the simulated and observed values 17)ῌ19) . Sutherland et al. 20) reported that FMM overestimated the growth of Bacillus cereus in meat, poultry, and carbohydrate foods except fruit-flavored milk. McElroy et al. 21) also described that PMP generally overestimated the growth of B. cereus in boiled rice. Wall et al. 22) reported that both PMP and FMM underestimated the growth of S. aureus in sterile foods containing vegetables and chicken.
The producers of PMP noted that it is not yet possible to rely solely on upon predictive models to determine the safety of goods and process systems 6) . Also, the authors of FMM noted that owing to the nature of numerical and computational methods, and the variability of microbiological systems, no predictive modeling package can be guaranteed to be 100῍ accurate and error-free in all cases 7) . From these arguments, we can conclude that the predictive programs are not perfect, but can be useful tools to estimate microbial behavior in foods without making microbiological experiments.
The two software programs used in this study still have some problems. For example, they do not include su$cient factors, such as the kinds of organic acids added, the existence of competitive microorganisms, and dynamic changes in temperature. If some of these problems are solved in the future, closer agreement with real microbial data should be obtained.
